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Abstract: Structural genomics, the large-scale determination of protein structures, promises to provide a broad
structural foundation for drug discovery. The tuberculosis (TB) Structural Genomics Consortium is devoted to
encouraging, coordinating, and facilitating the determination of structures of proteins from Mycobacterium
tuberculosis and hopes to determine 400 TB protein structures over 5 years. The Consortium has determined
structures of 28 proteins from TB to date. These protein structures are already providing a basis for drug discovery

efforts.

INTRODUCTION

Tuberculosis (TB) is caused by the bacterial pathogen
Mycobacterium tuberculosis (Mtb), and kills 2-3 million
people around the world each year, more than any other
infectious disease. The rise in TB incidence over the two last
decades is due partly to TB deaths in HIV-infected patients
and partly to the emergence of multidrug resistant strains of
the bacteria. This rapid increase in the disease has led to the
World Health Organization funding a large effort towards
stopping this disease before it becomes a global epidemic.
The tuberculosis (TB) Structural Genomics Consortium was
founded in the fall of 2000 with the goal of encouraging,
coordinating, and facilitating the determination of structures
of proteins from Mycobacterium tuberculosis. The
Consortium aims to determine 400 TB protein structures
over 5 years.
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This review briefly describesthe Consortium and how it
is designed to help its members collectively determine more
structures than they would working independently. We also
summarize some of the initial structural results on TB
proteins and their implications for TB drug discovery.
Goulding et al. of the Eisenberg laboratory at UCLA
describe the structures of glutamine synthetase, antigen 85B,
a predicted disulfide isomerase protein, a secreted protein of
unknown function (Rv1926¢) and dihydroneopterin aldolase
(FolB). The Sacchettini laboratory at Texas A&M
University  describes  structures of mycolic acid
methyltransferases (Smith & Sacchettini), an enoyl reductase
involved in fatty acid biosynthesis (Kuo & Sacchettini) and
enzymes from glyoxylate shunt pathway (Sharma &
Sacchettini). The Suh laboratory at Seoul National
University describes efforts to use the structure of Rv2002 to
identify the function of this protein (Yang et al). The Mande
laboratory at the Centre for DNA Fingerprinting and
Diagnostics describes its studies on inositol 1-phosphate
synthase and alkylhydroperoxidase C (Chauhan et al). The
Baker laboratory (Johnston et al) describes a case of
mistaken identity (menG) clarified by a protein structure.
Finally, the Munro laboratory at the University of Leicester
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describes the structures of cytochrome P450 enzymes (Leys
etal).

THE CONSORTIUM APPROACH TO STRUCTURAL
GENOMICS AND DRUG DISCOVERY

Structural genomics is the large-scale determination and
analysis of protein structures. It is a new field that has been
made possible by major technological improvements in
structure determination and by the many completed genomes
revealed by the genome projects [1, 2, 3]. One very
promising application of large-scale structure determination
is to provide a framework for drug discovery on a genomic
scale. The TB Structural Genomics Consortium was created
for this purpose. A premise of this project is that
determining the structures of many of the proteins from TB
facilitates drug discovery efforts using high-throughput
screening, genetic identifications of key TB genes, and
structure-based approaches. Some of the members of the
Consortium had been carrying out structure determinations
of proteins from TB before the start of the Consortium, and
others have only begun more recently.

There are several major advantages to our consortium-
based approach to determining structures of many proteins
from a single organism. The first, a rather simple but
important advantage, is that the members of the Consortium
can communicate with each other easily about what proteins
each is working on. This helps avoid duplication and
encourages collaboration. The second advantage is that
members can share the tools, often specific for producing TB
proteins, that they develop, and can share information on
which methods are working and which are not. A third
advantage is that the Consortium has centralized facilities to
carry out much of the standardized work in an efficient way
for the Consortium as a whole. The TB Structural Genomics
Consortium has central facilities for high-throughput cloning
and expression testing, crystallization, and X-ray data
collection. Individuals in the Consortium work on proteins
that interest them. In parallel, the TB genes targeted by all
members of the Consortium are cloned en masse in the
central facilities at Los Alamos National Laboratory. The
clones are tested for expression and the results are available
to the whole Consortium. The Los Alamos protein
production facility and individuals in the Consortium can
send proteins to the crystallization facility at Lawrence
Livermore National Laboratory and have X-ray data collected
at the facilities of the Consortium at Brookhaven National
Laboratory.

The TB Structural Genomics Consortium has over 200
members in 13 countries around the world. The Consortium
is open and any researchers actively working on structural
genomics of TB may join. The membership and publicly
available data for the Consortium can be found at
http://www.doe-mbi.ucla.edu/TB. To date, the Consortium
determined some 28 structures of TB proteins (including
some that had been determined just before the Consortium
was formed). Many of these protein structures and their
analyses that are providing encouraging information relevant
to TB drug discovery are described in the following
sections.

Goulding et al.

1. Recent Structures of Mycobacterium tuberculosis
Proteins and their Relevance as Potential Drug Targets
(Celia W. Goulding, Marcin Apostol, Daniel H.
Anderson, Harindarpal S. Gill & David Eisenberg)

1.1. Identifying Potential Drug Targets

Several computational methods have been developed
which can predict the biological roles of proteins by
analyzing functional relationships among proteins rather than
sequence similarities. Three of these methods are the
phylogenetic profile [4] , domain fusion [5] and gene
clustering [6, 7] methods. These methods are described in a
comprehensive review [8]. Utilizing these methods [9] ,
potential drug targets were identified as proteins functionally
linked to known targets of anti-TB drugs [10] and to
proteins known to be essential for bacterial survival [11].
Inhibiting these functionally related proteins should have a
similar effect on the organism as inhibiting the present drug
targets, since the same processes or pathways would be
disrupted.

Other proteins that might be good targets for anti-TB
therapy include extracellular proteins that are involved in
virulence, and persistence determinants [12] , since the Mth
cell envelope is impermeable to many antibacterial agents.
Mtb secretes many proteins, some of which have been
characterized as antigens. Potential therapeutic targets also
include proteins involved in iron acquisition, which is a
critical process for Mtb survival [13]. These proteins include
iron-regulatory proteins and enzymes involved in the
production of secreted, iron siderophores such as exochelins
and mycobactins. Proteins specific to mycobacteria also
afford possible targets, since these may provide adaptations
exclusive to the virulence and pathogenecity of
mycobacteria. In particular, 10% of the Mtb genome consists
of genes that encode Mtb-specific PE, PPE and PE-PGRS
proteins [14]. The PE family is named after the presence of
the motif proline-gluamic acid (PE) at positions 8 and 9 in a
highly conserved N-terminal domain of approximately 110
amino acids, the C-terminal region varies drastically within
the family. The PPE family resembles the PE family with a
highly conserved N-terminal region (~180 amino acids),
containing the motif proline-proline-glutamic acid at
positions 7-9. Lastly, the PE-PGRS (polymorphic GC-rich
sequence) family represents an extension of the PE protein
family with multiple repeats of glycine-glycine-alanine
(asparagine) motifs. The function or functions of these
proteins are unknown though they have been implicated in
virulence [15].

To reduce the difficulty of structure determination, we
imposed several additional criteria on our choice of Mth
proteins. The proteins must contain no predicted
transmembrane helices, must be smaller than 50,000
Daltons, and all hypothetical proteins must have homologs
in three different organisms. Finally, to strengthen our drug
target strategy, we imposed the restraint that Mtb drug
targets must not have essential mammalian homologs.

1.2. Mtb Protein Crystal Structures Solved at UCLA

Two out of the five structures were solved by
multiwavelength anomalous diffraction from
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selenomethionine protein derivatives, the remaining three
were solved by molecular replacement. The cloning,
expression, and structure determination of proteins Rv2878c,
Rv3607c, Rv1926¢ have been previously reviewed [16]. The
solution for Rv2220 is discussed in [17], and the solution
for Rv1886c is discussed in [18].

Glutamine Synthetase-- Rv2220

The product of the gInAlgene from Mtb, glutamine
synthetase (TB-GS), is extracellularly released during the
early stages of infection [19, 20]. TB-GS is thought to be
necessary for the synthesis of poly- (L-glutamine-L-
glutamate) chains 21] , a constituent unique to pathogenic
mycobacterial cell walls, comprising 10% of bacterial mass
[22]. These chains have been reported to be tightly
associated with the peptidoglycan layer of the cell wall and
therefore may play an important role in Mtb virulence. In
parallel with the structure solution of TB-GS [17, 23] , the
laboratory of Marcus Horwitz at UCLA has demonstrated
that two known bacterial GS inhibitors, L-methionine-S-
sulfoximine and phosphinothricin, selectively block the
growth or normal cell wall development of Mtbh by
inhibiting extracellular TB-GS molecules [19] , suggesting
that TB-GS is an attractive target for therapy.

The structures of TB-GS [17, 23] and Salmonella
typhimurium GS [24] have been useful in elucidating the
mechanism of inhibition of GS by small molecules
phosphinothricin and L-methionine-S-sulfoximine. TB-GS
and S. typhimurium GS share a 52% amino-acid sequence
identity. The gInAgene isolated from each organism was
cloned into an E. coliexpression vector and the functionality
of the products was demonstrated by their ability to restore

(a) (b)
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growth to an E. coli glutamine auxotroph. Although the
proteins were purified under similar conditions, TB-GS
crystallized in distinct conditions from that of S.
typhimurium GS. Figure (1a) shows a model of the S.
typhimurium GS-adenosine triphosphate (ATP)-
phosphinothricin structure. The structure of TB-GS will be
described elsewhere [23]. Together the models illuminate the
characteristics of potent GS inhibitors. They illustrate that
several flexible loops containing key catalytic residues close
over each active site and shield an intermediate from solvent
during the course of glutamine synthesis. These same loops
make strong electrostatic contacts with bound inhibitors that
mimic the intermediate state of the enzyme in glutamine
synthesis, trapping the inhibitors in the active site cavity.
The GS models provide a basis for future work in
computational drug-design studies.

Ag85B - Rv1886¢

M. tuberculosis expresses three closely related mycolyl
tranferases, also known as antigen 85 proteins [ag85A,
ag85C (32 kDa each); ag85B (30 kDa)]. The three mycolyl
transfereases contribute to cell wall synthesis by catalyzing
transfer of mycolic acid from one trehalose 6-monomycolate
to another, resulting in trehalose 6,6'-dimycolate and free
trehalose [25]. Mycolic acids are long-chain, a-alkyl b-
hydroxyl fatty acids that form a major component of the Mtb
cell wall. The 30 kDa major secreted protein (ag85B) is the
most abundant protein exported by Mtb, and is a potent
immunoprotective antigen and a leading drug target [26].
Due to its location at the cell wall and its involvement in
cell wall biogenesis, the ag85B protein maybe a relatively
accessible drug target (as is glutamine synthetase, described
earlier). The inhibition of ag85B may block the synthesis of

(c)

Fig. (1). The active site of glutamine synthetase with inhibitor phosphinothricin bound and three-dimensional structure of Mtb
antigen 85B. (a) A model of phosphinothricin bound in the active site of Salmonella typhimurium GS is shown. The elongated pink
molecule is ATP; the pink spheres are manganese ions; the light blue molecule is phosphinothricin. The dark blue sphere marks the
ammonium binding site. The figure was generated with the program Molscript. (b) Ribbon diagram of trehalose-bound ag85B,
showing its a/bhydrolase fold. The structure is color coded by secondary structure. Cyan ribbons represent a-helices, magenta
ribbons b-strands, and coil and turn regions are white. The N and C termini are indicated in the illustration. Active site Ser126 and
His262 CA and side-chain atoms are shown (protein C atoms are gray; N, blue; O, red). Two trehalose and the central MPD molecules
are shown with yellow for C atoms and red for O atoms. This figure was produced using XtalView, and were rendered with Raster3D. (c)
The proposed class of drugs consists of two trehalose molecules with amphiphilic linkers. The proposed drug has been modeled
connecting the two trehalose molecules with a linker where the MPD residues in Fig 1b.
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the cell wall and therefore inhibit growth of Mtb. Mycolyl
transferase activity is unique to mycobacteria, making ag85B
a very good anti-TB drug target.

The structure of ag85C had been previously solved [27] ,
and as expected considering a 73 % amino acid sequence
identity, the ag85B and ag85C structures are similar. The
structure of ag85B (Fig 1 b.; [18] consists of a single-
domain monomeric protein that adopts an a/b-hydrolase
fold [28]. The central 8-stranded b-sheet is surrounded on
both sides by a-helices. The sheet is formed in such a way
that the outer two strands, bl and b8, are oriented
perpendicular to each other, resulting in a left-handed
superhelical twist. The first two strands, bl and b2, are
antiparallel and connected by a hairpin turn. The remainder
of the sheet is composed of ?-strands running parallel to
strand bl, with the strands being connected by either a
single, relatively long a-helix, or a series of smaller a-
helices. Interestingly, ag85B binds two trehalose molecules
and a 2-methyl-2,4-pentanediol (MPD) molecule. It has been
proposed that MPD could mimic the partially hydrophilic
head of the intermediate mycolate ester. Close to these active
sites is a hydrophobic groove that could be the binding site
of the mycolate b-chain.

Anderson et al. [18] proposed that a class of groove-
binding inhibitors of the antigens 85 could be constructed
by linking two trehalose molecules by an appropriately
designed amphiphilic chain (Fig. 1c). An inhibitor has been
designed based on this idea but has been shown to have
little influence on Mtb growth (Harth and Anderson,
unpublished data). Further inhibitor designs are being
pursued to obtain a molecule which will bind tightly to the
active site groove.

Disulfide bond isomerase - Rv2878c

Disulfide bonds are vital for protein folding and
stability. Rv2878c is a secreted protein with sequence
homology to disulfide bond isomerase (Dsb) proteins such
as E. coliDsbE. In gram-negative bacteria, disulfide bonds
are usually formed in the periplasmic space by protein
disulfide oxidoreductases [29]. Experimental evidence
indicates that E. coliDsbE is a weak reductant that is
involved in cyctochrome ¢ maturation in the periplasm [30].
However, since gram-positive bacteria do not have a
periplasmic space, the disulfide oxidoreductases are secreted
into the extracellular space surrounding the cell [31, 32].
Mtb has two Dsb-like proteins, both of which are secreted
(Rv2878c and Rv1677), and one predicted integral
membrane protein (Rv2874), which is thought to complete
the redox cycles of the two secreted Dsb-like proteins.

The crystal structure of Mtb DsbE (Fig. 2a) reveals one
domain that contains a thioredoxin fold [33] , with a distinct
structural motif consisting of a four-stranded b-sheet
corresponding to b3,b4,b6 and b7 and three flanking a-
helices corresponding to a3, a5 and a6 [34]. In addition to
the thioredoxin fold, a short a-helix (a1), two b-strands (bl
and b2) and another short a-helix (a2) appear at the N-
terminus, and a long a-helix (a4) and a b-strand (b5) are
found after the b3-a3-b4 motif of the thioredoxin fold. The
cysteines of the active site Cys-X-X-Cys are in their reduced

Goulding et al.

state (Fig. 2b). The precise function of Mtb DsbE is
unknown, although preliminary experimental evidence
indicates that Mtb DsbE is an oxidant rather than a weak
reductant, as is E. coliDsbE [30]. Therefore one could
speculate that Mth DsbE could potentially protect
mycobacteria from oxidative damage by macrophages and/or
correct incorrectly formed disulfide bonds in secreted
proteins. It may be possible to design an inhibitor of Mtb
DsbE that would react with the free thiols of the active site
to inhibit the disulfide bond isomerase/redox activity of Mth
DsbE [35].

Fol B - Rv3607c

Folate derivatives are essential cofactors in the
biosynthesis of purines, pyrimidines and amino acids.
Mammalian cells are able to utilize pre-formed folates after
uptake by a carrier-mediated active transport system. Most
microbes, such as Mth, lack this uptake system and must
synthesize folates de novo from guanosine triphosphate [36].
Two enzymes from this pathway, dihydropteroate synthase
and dihydrofolate reductase have been used as drug targets
for antibacterial chemotherapy [37]. It has been shown that
sulfonamides such as trimethoprim and epiroprim inhibit the
activity of these enzymes, but are poor overall inhibitors of
mycobacteria [38, 39]. Therefore, we have chosen another
enzyme, 7,8-dihydroneopterin aldolase, in the biosynthetic
pathway of folic acid to explore the possibility of an
inhibitor.

Dihydroneopterin aldolase (FolB) is an enzyme in the
folic acid biosynthetic pathway. It catalyzes the conversion
of 7,8-dihydroneopterin to 6-hydroxymethyl-7,8-dihydro-
pterin. The structure of Mtb FolB (Fig. 3a) is extremely
similar to that of FolB from S. aureus [40] and FolX from
E. coli [41]. The structure is an octamer, consiting of a
dimer of tetramers that appears to have a pterin compound
bound at the active site [42]. Each monomer consists of a
sequential four-stranded antiparallel b-sheet. Layered on one
side of the b-sheet is a short a-helix, and two long
antiparallel a-helices are inserted in a sequence segment
between b-strands 2 and 3. Between strands 1 and 2, there is
an insert containing a short a-helix that is situated on the
same face of the b-sheet as the other helices. Four ellipsoidal
monomers come together to form a 16-stranded anti-parallel
b-barrel, surrounded by a ring of a-helices. The catalytic site
is on the interface of two of the monomers.

Comparisons of Mtb FolB with the S. aureus FolB and
E. coli FolX structures show that the main difference is in
the electrostatic surface potential of the proteins. The latter
two structures have no distinct surface charge, but Mtb FolB
has an overall negative charge on its surface (Fig. 3b). Also,
the pore of the S. aureus FolB structure (Fig. 3c) is more
positively charged than that of Mtb FolB (Fig. 3b). With
this in mind, it may be possible to design an inhibitor
specific to TB FolB consisting of a cationic pterin
derivative.

Secreted protein - Rv1926¢

Rv1926¢c is a major secreted protein of unknown
function, specific to mycobacteria. It has been shown to
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Fig. (2). Three-dimensional structure of Mtb DsbE. (a) Ribbon diagram of the monomer. The active site sulfur and b-carbon atoms are
shown in light grey spheres. This figure was generated using RIBBONS. (b) The Mtb DsbE active site, a view of the final 2Fo-Fc
electron density map at the active site region. The electron density is contoured at 1. 2s. The distance between the two sulfur atoms is

3. 69 Angstroms. The figure was generated using RIBBONS.

stimulate humoral immune responses in guinea pigs infected
with virulent Mtb [43]. T-cell epitope mapping showed that
Rv1926¢ contained a highly immunodominant region at its
N-terminus, though this may be the region of the signal
peptide [44]. Using a Tn552'phoA in vitro transposition
system, Braunstein et al. [45] confirmed that Rv1926¢ is a
secreted protein, and have shown it to be a cell-envelope-
associated protein that may participate in virulence. The
structure of Rv1926¢ is a b-sandwich fold consisting of two
anti-parallel sheets, except for the N-terminal b-strand which
forms a parallel b-sheet with the C-terminal b-strand (Fig.
3d) [46].

The fold of Rv1926¢ places it in the immunoglobulin
superfamily [47]. Rv1926¢ has structural similarity to cell-
surface binding proteins such as arrestin [48] , adaptin [49]
and invasin [50]. Other proteins with a high degree of
structural similarity include several that bind carbohydrates,
Ca2+ ions, lipids and cholesterol (which was shown to be
essential in entry of mycobacteria into macrophages [51].
The electrostatic surface potential of Rv1926¢ reveals a
negatively charged pocket and a positively charged channel
that could possibly bind a peptide or one of the above co-
factors.

Structural similarity implicates Rv1926¢c in possible
host-bacterial interactions for endocytosis or phagocytosis.
Further work will include genetic knock-out studies of the
Rv1926¢ gene in Mtb to test for its role in infection.

2. Structures of the Cyclopropane Synthases from M.
tuberculosis (CmaAl: Rv3392c, CmaA2: Rv0503c and
PcaA: Rv0470c) (Clare V. Smith and James C.
Sacchettini)

The genome sequence of Mtb revealed a family of highly
homologous genes sharing 50-75% identity and thought to
be S-adenosyl-L-methionine dependent methyltransferases
(SAM-MTases) [14]. At least four members of this family
cmaAl (Rv3392c), cmaA2 (Rv0503c), pcaA (Rv0470c) and
mmaA2 (Rv0644c) had been previously reported to encode
cyclopropane synthases [52, 53, 54, 55]. This designation is
based on their similarity to the E. colienzymecyclopropane
fatty acid synthase (CFA synthase), which catalyzes the
addition of a methyl group to a double bond on an acyl
chain of the phospholipid bilayer [56]. In mycobacteria,
cyclopropane synthases lead to the addition of a
cyclopropane ring on mycolic acids, which are in turn
critical to the structure and function of the cell envelope [52,
57, 53, 55].

There are three classes of mycolic acids synthesized in
Mtb. These are the alpha-, keto- and methoxymycolates,
which are classified according to their modifications at the
proximal and distal positions (Fig. 4a). The large number of
cyclopropane synthases in the genome of Mth suggests that
each member of the gene family may have a very specific
role in catalyzing the reaction on one particular mycolic acid
at either the distal or proximal position.
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(b)

(d)

Fig. (3). Three-dimensional structure of Mtb FolB and three dimensional structure of Rv1926¢c. (a) The ribbon diagram of the
structure of FolB is an octomer, which consists of a dimer of tetramers that appears to have a pterin compound bound to its active site
which is on the interface of two of the monomers. (b) and (c) The electrostatic surface potential of Mth FolB (b) is more negatively
charged than that of S. aureus FolB (c). The ribbons diagrams and electrostatic surface potentials were produced with WEBLAB
VIEWER PRO 3. 7. (d) The ribbon diagram of the structure of Rv1926¢ resembles an immunoglobulin fold with the N-terminal and C-

terminal b-strands forming a parallel b-sheet.

Although the precise role of the cyclopropane ring has
not been defined, there are several lines of evidence
suggesting that it is important in bacterial pathogenesis.
Cyclopropanation is a modification of mycolic acids which
is associated with slow-growing pathogenic strains such as
M. tuberculosis and M. leprae, but is not common in the
cell wall of fast growing non-pathogenic strains such as M.
smegmatis [58]. Studies in mycobacteria have suggested that
cyclopropane ring modification may increase the resistance
to oxidative stress [55] and have an effect on the fluidity and
permeability of the cell wall [52, 59, 60]. Recently

Glickman et al. [53] have identified Mthb pcaA as a gene
encoding a cyclopropane synthase involved in cyclopro-
panation at the proximal position of alpha mycolates.
Further characterization of the mutant showed that pcaA was
required for long-term mycobacterial persistence and
virulence in an animal model of infection [53].

To date, crystal structures of three cyclopropane syn-
thases from M. tuberculosis have been solved, including that
of PcaA, the member already identified as a persistence
factor [61]. PcaA is believed to catalyze the transfer of a
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methyl group to a cisdouble bond at the proximal position
of alpha mycolates. CmaA2 also acts at the proximal posi-
tion but converts a transdouble bond to a cyclopropane ring
on keto- and methoxymycolates [52, 57]. The third enzyme
for which the structure has been solved is CmaAl. This
enzyme is thought to act at the distal position giving rise to
the cyclopropane ring of alpha mycolates [55] (Fig. 4b).

The basic structures for the three cyclopropane synthases
CmaAl, CmaA2 and PcaA are very similar (Fig. 4c). The
core region contains a seven stranded b-sheet which is all
parallel apart from b7 which is antiparallel. The a-helices
flank each side of the sheet and run in the same N- to C-
orientation. In addition, two long a-helices lie adjacent to
the C-terminal ends of the b-sheet, enclosing the SAM/SAH
(S-adenosyl - L-methionine / S-adenosyl - L - homocysteine)
cofactor binding site. The structures of the cyclopropane
synthases are similar to other SAM-MTases in the protein
database, including DNA methyltransferases and catechol-O-
methyltransferases (Fig. 4d). Overall, the sequence
similarity to these other methyltransferases is low, but the
motifs which make up the cofactor binding site are
conserved in sequence and structurally [62, 63, 64, 65].

One of the most interesting features of the cyclopropane
synthases to be revealed by their structures is a tunnel
approximately 15 A by 10 A wide extending from the
surface of the protein to the cofactor binding site. This
tunnel is lined primarily by the side chains of hydrophobic
residues that are highly conserved across the three enzymes.
Structures of CmaAl and CmaA2 in complex with SAH and
the lipid-like detergents cetyltrimethylammonium bromide
(CTAB) or didecyldimethylammonium bromide
(DDDMAB) indicate that this is the binding site for the acyl
substrate. The co-crystal structure with lipid demonstrates
important interactions between the protein and the acyl chain
providing us with insights into the way in which the
reactive group may sit in the active site and the length of the
acyl chain that these enzymes may accept.

Analysis of a group of enzymes such as the cyclopropane
synthases using a structural genomics approach provides
high resolution insights into such details as the active site
architecture. An unexpected finding was a bicarbonate ion
revealed in the active site of all three enzymes. One
conclusion which can be drawn based on the similarity of
the three cyclopropane synthases in their cofactor binding
site and active sites is that these enzymes are likely to
operate via the same catalytic mechanism. Although there are
still many questions about the mechanism of cyclopropane
synthases, the structures give us many clues and help us
direct our questions.

What is the basis for substrate specificity of CmaAl,
CmaA2 and PcaA? Biological data suggests that CmaAl,
CmaA2 and PcaA have non overlapping functions in vivo.
Comparison of the structures of CmaA2 and PcaA, two
enzymes that act at the proximal position producing trans
and cis cyclopropane rings respectively, reveals only minor
differences between the two structures. Further experiments
are undoubtedly needed before we understand fully the basis
for the cis versus trans substrate specificity.
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Although the point at which these cyclopropane
synthases act in mycolic acid biosynthesis is not known, it
is believed that they act on a long chain meromycolate
intermediate that is linked to acyl carrier protein (AcpM).
AcpM facilitates processing of intermediates between the
dissociated enzymes of FAS Il. Superimposition of the
PcaA, CmaA2 and CmaAl structures demonstrates that there
is one region where the proximal versus distal-acting
enzymes differ. This region is shifted in the distal
cyclopropanating enzyme by approximately 5 A (Fig. 4e).
Examination of the molecular surfaces in this region
suggests that there is a conserved basic/hydrophobic patch.
This molecular surface architecture is also seen in holo- (acyl
carrier protein) synthase (AcpS) [66] and b-ketoacyl-ACP
synthase 11l (FabH) [67]. It seems that this maybe a common
feature of enzymes of fatty acid biosynthesis and a likely site
for AcpM interaction. If this is indeed the region where
AcpM interacts with the cyclopropane synthases, then acyl-
AcpM may sit closer to the active site in the case of PcaA
and CmaAZ2, so favoring a reaction at the proximal position.
In contrast, acyl-AcpM would bind further from the active
site in CmaAl, so favoring a reaction at the distal position
of the mycolates, suggesting a molecular ruler basis for
substrate specificity [61].

One feature that would be desirable in future
antimycobacterial compounds is potency against bacteria in
the persistent phase of infection. This would shorten the
necessary duration of chemotherapy. PcaA has been shown
to be necessary for a chronic lethal TB infection and
experiments are underway to test this requirement for the
other members of this family. The similarity of this family
of enzymes in their active site suggests the possibility that
one inhibitor may well be effective against a number of
targets, reducing the chance for the development of drug
resistance. Because mammals lack this enzyme activity, a
homologous enzyme will not be present in humans, so the
enzymes are likely to be very good drug targets. The high
resolution structural data, together with biochemical assays,
can now form the basis for the development of new
inhibitors active against the cyclopropane synthases.

3. Glyoxylate Shunt Enzymes as Persistence Targets:
Structures of Isocitrate Lyase (Rv0867) and Malate
synthase (Rv1837c) (Vivek Sharma and James C.
Sacchettini)

Mycobacterium tuberculosis is a successful pathogen in
part because it persists and maintains chronic infections in
humans, notwithstanding an active immune response. Mtb
persists by exhibiting diverse metabolic states, only few of
which can be targeted by current antimycobacterials. While
the growing bacteria can be eliminated by drugs specific for
factors involved in cell growth and division, the slow-
growing or dormant sub-populations maintain a sub-clinical
infection weeks after the start of therapy. Therefore long (6-9
months) therapeutic regimens are necessary to ensure that all
persisting bacteria enter a metabolic state that can be
effectively killed by current drugs. Shortened therapeutic
protocols will require new compounds that Kill persistent
bacteria.
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Fig. (4). cyclopropane synthases CmaAl, PcaA and CmaA2. (a), Structures of mycolic acids in Mth. Alpha mycolates have a cis
cyclopropanering at both the proximal and distal positions. Keto- and methoxymycolates have either a cis or trans cyclopropane
ring at the proximal position and an oxygenated functional group at the distal position. (b)The reactions catalyzed by the
cyclopropane synthases CmaAl, PcaA and CmaA2. These enzymes are thought to act on the meromycolate chain bound to acyl carrier
protein (AcpM). (c) Ribbon representations of the structures of the mycolic acid cyclopropane synthases CmaAl, PcaA and CmaAZ2. a-
helices are shown in red and b-strands in blue. CmaA1, shown in the first panel, was solved to 2. 0 A resolution in complex with the
product of methylation, S-adenosyl-L-homocysteine (SAH) and the lipid-like detergent didecyldimethylammonium bromide
(DDDMAB). PcaA was solved in complex with SAH to 2. 0 A resolution and is shown in the second panel. The structure of CmaA2
solved to 2. 65 A resolution is shown in the third panel in complex with SAH and DDDMAB. (d) The structure of a ternary complex of
Hhal methyltransferase with DNA and S-adenosyl-L-homocysteine. The cyclopropane synthases show a high level of structural
similarity with other methyltransferases. Shown here is the structure of Hhal DNA methyltransferase for a comparison [64] , which like
the cyclopropane synthases also has a core region containing a seven-stranded bsheet flanked by ahelices. (e) A superimposition of
the three cyclopropane synthase structures. CmaAl iscolored white, CmaA2 is red and PcaA is in green. The three structures are
superimposed by the C, atoms of the central a/bfold. The cofactor SAH and DDDMAB are shown in ball and stick representation.
There is one region in which the structures of the proximal-acting enzymes differ from that of CmaAl, which can be seen in this
superimposition and corresponds to residues 170-210 in PcaA.
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Interestingly, persistence depends on genes required for
supplying metabolites that allow mycobacteria to adapt to
the adverse environment within the active macrophages. One
strategy entails a metabolic shift in carbon source to C2
substrates generated by ,-oxidation of fatty acids [68]. Under
these conditions, glycolysis is decreased and the glyoxylate
shunt is significantly upregulated. The glyoxylate shunt
converts isocitrate to succinate and glyoxylate by enzyme
isocitrate lyase (ICL), followed by addition of acetyl-CoA to
glyoxylate to form malate by malate synthase. The
disruption of isocitrate lyase attenuates persistence of Mtb in
mice or inflammatory macrophages [68]. iThe structures of
both isocitrate lyase (Rv0867) and malate synthase
(Rv1837c), the two enzymes of glyoxylate shunt, were
solved using multi-wavelength anomalous dispersion
(MAD) methods. ICL is a tetrameric protein (Fig. 5a) with
subunits of 428 amino acids. The striking features of this
structure are inter-subunit helix-swapping and a large
conformational change in the active site loop upon binding
of substrates. The core of the structure is an unusual 8- (a/b)
barrel where the eighth helix projectsaway from the barrel
and forms interactions exclusively with the neighboring
subunit [69]. As in most a/b barrels, the active site of ICL
is located at the carboxy ends of the b-strands. The ICL
signature sequence (K189KCGH193) containing the
nucleophilic cysteine (cys191) is located on a flexible loop
that undergoes a large conformational change (10-15A) upon
binding of substrates. This brings the cys191 next to the
substrate and completely secludes the active site from bulk
solvent.

The structures of ICL have also been done in complex
with glyoxylate and with two inhibitors (3-nitropropionate
and 3-bromopyruvate). These structures show how the
substrates and products occupy the active site of ICL. While
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the glyoxylate binding deeper in the binding cavity by
coordination to a Mg2+ ion, the succinate binds closer to
the surface. In the bound form, the active site Cys191 is
located 3-4 A from the two atoms (C2 carbon of succinate
and the aldehyde carbon of glyoxylate) undergoing the lysis
of bond.

Malate synthase (malate synthase , Rv1837c) is the
second enzyme of the glyoxylate pathway. Malate synthase
catalyzes the Mg2+dependent condensation of glyoxylate
and acetyl-coenzyme A and hydrolysis of the intermediate to
yield malate and coenzyme A. The basic fold of malate
synthase is also that of an 8- (./,) barrel. The centrally
located barrel is flanked by two --helical domains and
contains an insertion of a ,-sheet domain on one side of the
barrel (Fig. 5b). Several inhibitors have been identified
against malate synthase and ICL using structure-based
design and high-throughput screens and studies to
characterizethe structures of these inhibitor complexes are
underway. Such inhibitors have potential to be developed
into drugs against persistent bacteria.

4. Structure Determination of  Mycobacterium
tuberculosis InhA:Inhibitor Complexes (Mack Kuo and
James C. Sacchettini)

Fatty acid biosynthesis is responsible for the production
of the precursors of mycolic acids, and therefore represents
an attractive drug target. To date, the most effective drugs
against M. tuberculosis inhibit proteins responsible for
mycolic acid and cell wall biosynthesis [70, 71]. InhA, a
mycobacterial enoyl-acyl carrier protein (ACP) reductase,
occupies a prominent role in FAS-II fatty acid biosynthesis.
InhA is the target of the first-line antitubercular drug

(b)

Fig. (5). Three-dimensional structures of glyoxylate pathway enzymes. (a) Ribbon representation of the tetramer of isocitrate lyase
(ICL). Each subunit is shown in different color. (b) Ribbon representation of malate synthase.
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isoniazid (isonicotinic acid hydrazide; INH). Inactivation of
InhA alone is sufficient to inhibit mycolic acid biosynthesis
and induce cell lysis [72]. As the FAS-11 system is absent in
eukaryotes, but is essential to the viability of Mtb,
components of the FAS-1I system such as InhA represent
superb drug targets.

InhA has an amino acid sequence and structure similar to
those of two previously characterized enoyl-ACP reductases:
Escherichia coli Fabl [73] and Brassica napus ENR [74].
The antibiotic triclosan (2,4,4'-trichloro-2' hydroxydiphenyl
ether) specifically targets and inhibits the enoyl-ACP
reductase component of E. coli [75, 76]. The structures of
the E. coliFabl:triclosan complex [77, 78, 79] and B. napus
ENR:triclosan complex [80], and the observation that
triclosan inhibits M. tuberculosis InhA [81] led us to initiate
structural studies on the M. tuberculosis InhA:triclosan
complex in order to elucidate the molecular basis of triclosan
inhibition.

The structure of the ternary complex of
InhA:NAD:triclosan revealed a molecule of triclosan situated
in the active site in the same orientation as in the E. coliand
B. napus enoyl-ACP reductases (Fig. 6a). Triclosan is
positioned adjacent to the NAD cofactor, with the 2-
hydroxyphenyl ring stacked on the nicotinamide of the
nucleotide cofactor. The 2 hydroxyl group of triclosan also
forms hydrogen bonds with Tyrl58 and the 2'-hydroxyl
group of the nicotinamide ribose. However, in contrast to
the E. coliFabl and B. napus ENR, a second molecule of
triclosan was present, inverted above the first, which
stabilized the fatty-acyl substrate binding loop. A multiple
sequence alignment of enoyl reductase homologues revealed
that mycobacteria inhA contains an additional 10 residues in
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their substrate binding loop, consistent with their role in
synthesizing long chain fatty acids. Superposition of the
previously determined InhA:NAD:C16 fatty acyl substrate
ternary complex and the InhA:NAD:triclosan ternary
complex disclosed that the C16 fatty acyl substrate and the
two molecules of triclosan occupy a nearly identical
orientation within the active site.

We have also determined the co-crystal structures of Mth
InhA with NAD and with a compound (Genz-10850)
identified through high throughput screens. In the co-crystal
structure, Genz-10850 lies above the NAD cofactor, and its
carbonyl group forms hydrogen bonds with Tyr158 and the
2'-hydroxyl oxygen of the nicotinamide ribose of NAD. The
NH of the indole ring of the drug interacts with a phosphate
oxygen of NADH (Fig. 6b). The highly hydrophobic
fluorenyl group is shielded from solvent by the fatty-acyl
substrate binding loop of InhA.

A promising strategy for structure-based drug design is
to construct compounds that stack with Phe149 (mimicking
the isoniazid mechanism), that hydrogen-bond with Tyr158
(like triclosan), that interact with the NADH cofactor
(through stacking and/or hydrogen bonding), and that
stabilize the fatty acyl substrate binding loop (in the same
manner as Genz-10850, the fatty acyl substrate, and
triclosan). Triclosan analogues, tethered triclosan dimers,
and high throughput screen lead compounds could be used
as a molecular scaffold for further studies. Inhibitors based
on these premises may have several advantages: they will
not require activation (unlike isoniazid), and they may
specifically target mycobacteria, as enoyl reductases from
other organisms have much shorter fatty-acyl binding loops.

(a)

(b)

Fig. (6). Three-dimensional structures of InhA:inhibitor complexes. (a) Ribbon representation of a monomer of InhA bound to two

molecules triclosan. (b) Active site of the InhA:Genz-10850 complex.
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5. Structural Studies on the Rv2002 Soluble Mutant
(Jin Kuk Yang, Min S. Park,Geoffrey S. Waldo & Se
Won Suh)

The Rv2002 gene (fabG3) from Mycobacterium
tuberculosis encodes a 260-residue protein, with a calculated
molecular mass of 27 030 Da. It contains the dinucleotide
binding motif GXXXGXG (14-20) and YXXXK (153-157)
sequence motif, which are two highly conserved features of
the short-chain dehydrogenase/reductase (SDR) family
enzymes. On the basis of sequence identity (31%), it has
been annotated as a homolog of M. tuberculosis -ketoacyl
carrier protein reductase, which is the second enzyme in fatty
acid elongation cycle and is encoded by the fabGl gene
(Rv1483) [82] ). Among -ketoacy! carrier protein reductases,
the highest sequence identity is observed with that from
Bacillus halodurans (TrEMBL, Q9KAO03) (38% in a 244-
residue region of overlap). Rv2002 also shows significant
sequence similarity with other enzymes such as 3, 20-
hydroxysteroid dehydrogenase (49% identity in a 243-
residue overlap with the one from Streptomyces
hydrogenans; Swiss-Prot P19992) and I-3-hydroxyacyl-CoA
dehydrogenase of the fatty acid -oxidation pathway (35%
identity in a 204-residue overlap with the one from rat brain;
Swiss-Prot, 070351). Therefore, its molecular or biological
function cannot be unambiguously assigned on the basis of
sequence similarity alone.

The Rv2002 gene product was expressed in Escherichia
coli, but found to be in an insoluble form within inclusion
bodies. Such insolubility is a common problem when
expressing heterologous proteins. In some cases site-directed
mutations are introduced to improve solubility, but this
procedure involves extensive trial-and-error. To create a
rapid, general method to find mutants that improve
expression and solubility, a green fluorescent protein (GFP)
based method has been developed [83]. The essence of the
method is that if GFP is expressed as a C-terminal fusion
attached to the protein of interest, the fluorescence of GFP is
a reporter of the folding of both proteins. This can be used
to engineer mutants of the protein of interest that fold
robustly even in the absence of the GFP reporter.

We applied the GFP-based directed evolution technique
in order to obtain soluble mutants of Rv2002. After three
rounds of forward evolution, several soluble mutants with
three to five point mutations were obtained. One of the
soluble  mutants with  three  point  mutations,
I6T/V4TMITB9K, was overexpressed for structural studies.
All three mutations are outside the conserved regions of the
SDR family and were therefore expected to have minor
effects on the catalytic activity. Crystals of the soluble
mutant, diffracting to 1.8 A resolution,were obtained with
precipitation using polyethylene glycol 3000. The crystals
belong to the space group P3221, with cell dimensions of
a= b= 70.38 A and c= 148.93 A [84]. The structure was
solved using the Se MAD method in the NAD+-bound
state. In the crystal, four identical subunits form a tetramer
with the 222 symmetry. Each subunit comprises a single
domain, a characteristic dinucleotide binding fold
(Rossmann fold), of dimensions 40 A x 45 A x 50 A. The
crystal structure reveals that Asp38 plays a key role in
determining the cofactor preference of NADH over NADPH,
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which has been confirmed by enzymatic assays. The cofactor
preference suggests that the Rv2002 gene productis unlikely
to function in vivo as -ketoacyl carrier protein reductase.
Further experiments are necessary to establish its
physiological role.

6. Exploring New Drug targets of Mycobacterium
tuberculosis (Radha Chauhan, Avinash Kale, Nandita
Bachhawat & Shekhar C. Mande)

Inositol-1-Phosphate Synthase

Inositol and its metabolites are widely found in
eukaryotes but are uncommon in prokaryotes. As a
consequence, prokaryotic inositol metabolism remains
poorly understood. The first known enzymatic step in the de
novo biosynthesis of inositol is mediated by the inolgene,
which encodes 1L-myo-inositol-1-phosphate synthase (I11-P
synthase, [85]. In the presence of NAD (nicotinamide
adenine dinucleotide), this enzyme catalyses the conversion
of glucose-6-phosphate (G-6-P) into inositol-1-phosphate.
The inositol-1-phosphate is subsequently dephosphorylated
to myo-inositol by a specific 11-P phosphatase [86, 87]. In
yeast and fungi, genetic evidence indicates that 11-P synthase
is essential for viability [88].

In mycobacteria, several important metabolites such as
phosphatidylinositol (Pl), phosphatidylinositol mannosides
(PIM), and glycosylphosphatidylinositol (GPI) are derived
from inositol. Thus, de-novo biosynthesis of inositol might
be a useful pathway to intercept for drug development. We
recently identified a 11-P synthase in Mycobacterium
tuberculosis H37Rv (Rv0046¢) through a combination of
computational analysis and complementation in yeast,
leading to the first evidence for the presence of this enzyme
in a prokaryote [89, 90].

To look for genes that might be involved in inositol
metabolism in Mth, the mycobacterial genome database was
searched with the BLAST program [91] using the S.
cerevisiae inositol-1-phosphate synthase (INO1p) amino acid
sequence. The search revealed a very low sequence homology
(less than 15%) to the Rv0046¢ open reading frame of the
M. tuberculosis H37Rv genome coding for a 367 amino acid
long protein. However the absence of the sulfhydryl groups
known to be important for the enzymatic activity of
eukaryotic INO1p, the lack of the GXGXXG NAD-binding
motif, and the failure of a PROSITE search to identify
nucleotide binding motifs [92] argued against the
identification of Rv0046¢ as inositol-1-phosphate synthase.
Nonetheless, a threading calculation predicted a Rossmann
fold in the N-terminal half of the Rv0046¢ protein sequence,
suggesting that this domain might be functionally important
for NAD or NADP binding [89].

A yeast based functional assay system was employed to
test whether Rv0046¢ encodes an inositol-1-phosphate
synthase enzyme. A yeast strain lacking the gene for yeast
INO1showed that Rv0046c is capable of functionally
complementing the yeast inol mutation [93, 89]. The
computer analysis and complementation assay in S.
cerevisiae therefore indicate that Rv0046¢c ORF indeed has
the INO1-P synthase activity.
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Hydroperoxide Reductase

Isoniazid has been one of the frontline drugs used in
tuberculosis control for more than three decades. Resistance
to isoniazid develops primarily due to point mutations in
the katGlocus, encoding the catalase peroxidase enzyme [94].
The loss of katG function in isoniazid strains therefore
renders Mtb susceptible to the toxic peroxide radicals. Under
these conditions, overexpression of another gene, ahpC,
encoding an alkyl hydroperoxide reductase, has been
frequently found to occur and might help bacteria to
overcome stress [95]. Consistent with this, antisense RNA
studies have shown that mycobacterial AhpC is important
for virulence [96].

The mycobacterial AhpC differs in many ways from its
well-characterized homologues in enteric bacteria. For
example, the Mth enzyme possesses three cysteine residues
in its active site, compared to two in the Salmonella
typhimurium and Escherichia coli enzymes [97, 98]. An
additional difference between the Mtb AhpC and that derived
from other closely related species is that the electron donor
partner of AhpC, the FAD/NADPH binding subunit AhpF,
is absent in Mtb.

We have generated active site cysteine to alanine mutants
of AhpC (Rv2428) to probe their role in activity. Four
mutants (C61A, C174A, C176A and C174/176A) were
studied. The quaternary state of wild type and each mutant
was characterized by gel filtration chromatography and SDS-
PAGE. Their comparison is summarized in Table 1. The
Mtb AhpC is a decameric enzyme composed of five identical
dimers. The dimer formation is mainly due to intersubunit
disulfide linkage, and the further oligomeric interactions are
dominated by ionic character. During oxidation and
reduction of enzymatic cycle, AhpC undergoes
conformational changes. We found that cysteine to alanine
mutations have significant effect on oligomerization of
AhpC [99].

The four mutants were also characterized for biochemical
activity (Table 1). The table also lists the number of free
sulfhydryl groups in each of the mutants, and their
oligomeric state. The assays showed that mycobacterial
AhpC has general antioxidant properties [100]. This property
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might be a favorable characteristic for mycobacterial survival
within macrophages in the absence of katG in isoniazid
resistant strains. The kinetic parameters of mutants suggest
that all three cysteine take part in enzyme activity [100].

On the basis of our site directed mutagenesis experiments
we were able to propose a mechanism of action for
mycobacterial AhpC which appears to be different from 1-
Cys and 2-Cys Prx mechanisms (Fig. 7). A unique disulfide
relay mechanism was observed in mycobactrial AhpC
suggesting that it might belong to a distinct class of
peroxiredoxins. Our phylogentic studies suggested that this
enzyme might have evolved from a eukaryotic 2-Cys Prx.

To gain further structural insights into the active site of
mycobacterial AhpC, a homology model for Mtb AhpC was
constructed. We used two 2-Cys Prx three-dimensional
structures as templates for homology modeling, thioredoxin
peroxidase B from red blood cells (pdb code 1QMV) and
mammalian 2-Cys peroxiredoxin, Hbp23 (pdb code 1QQ2)
[101, 102]. The thioredoxin peroxidase is a decameric
structure and the peroxiredoxin is a dimer. The active site of
alkylhydroxyperoxidase reductase (AhpC) is essentially a
hydrophobic pocket, but residues adjoining the active site
cleft include buried charged amino acids. The three cysteine
residues (Cys 61, 174 and 176) are near the cleft with Cys
174 buried, Cys 176 partially exposed, and Cys 61 residue
exposed in the cavity. Either of two of the cysteines (174
and 176) could possibly form an intersubunit disulfide bond
with Cys 61 of another subunit. Overall our model indicates
that the mycobacterial AhpC has unique active site which
may be different than eukaryotic peroxiredoxins.

7. Rv3853 (MenG): A Putative Drug Target that Appears
to be a case of Mistaken Functional Identity. (Jodie M.
Johnston, J. Shaun Lott, Edward N. Baker and
Vickery L. Arcus)

Menaquinone (Vitamin K) is an essential vitamin that is
an obligatory component of the anaerobic electron transfer
pathways that operate not only in strict anaerobes, but also
in aerobic gram-positive bacteria including Mth [103]. This
function may be particularly important in Mtb under
conditions of low oxygen, and may thus play a role in the

Table 1.  Activities of AhpC Mutants
Name of Protein Oligomerization * Relative Activity Free -SH per Enzyme
Molecule**
AhpC: wild type Decamer 100 0.77+0.2
AhpC:C61A Dimer 0 1.5+0.28
AhpC:C174A Dimer 0-5 0.14+0.17
AhpC:C176A mixed 40-65 0.14+0.19
AhpC:C174/176A dimer 20-40 0.825+0.183

* represents average of the activity determined by four assays [100].
** free -SH groups were determined by the DTNB method [100].
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Fig. (7). Proposed Reaction mechanism of mycobacterial AhpC: Stepl, Attack on Cys 61 by peroxide substrate (ROOH) to form
oxidized intermediate and alcohol (ROH) as products; Step 2, formation of intersubunit disulfide bond between C61 and C176; Step
3, formation of C61-C174 intersubunit disulfide bond; Step 4, reduction of intersubunit disulfide bond with DTT. Shunt path is a
direct reduction of the oxidized Cys61 intermediate by DTT which is observed in C174/176A mutant. The fully reduced enzyme
might be dimeric, while oxidized enzyme might be decameric in nature.

phenomenon of persistence, when the bacteria reside in
activated macrophages. Coupled with the observation that
menaquinone is an essential nutrient that is not synthesized
in animals, this makes enzymes of the menaquinone
biosynthetic pathway attractive drug targets.

In E. coli the menaquinone biosynthetic pathway
involves either 7 or 8 enzymes [103]. Sequence comparisons
have found homologues for 7 of these enzymes in the
Mycobacterium tuberculosis H37Rv strain [14]. One of these
proteins, Rv3853, has been annotated as MenG, based on
sequence similarity to an E. coli enzyme that was thought to
be the terminal enzyme in the pathway. MenG is proposed
to be the SAM-dependent methyltransferase that transfers a
methyl group to demethyl menaquinone in this last step
[104]. Intriguingly, the MenG sequence has none of the
common methyltranferase motifs, and the Mtb genome
encodes another protein, identified as UbiE, that could also
catalyse this final step [105, 106]. To clarify its function by
revealing possible homologies not seen at the primary
sequence level and to provide a template for possible drug
design, determination of the structure of the gene product of
Rv3853 was undertaken in the context of the Mtb structural
genomics effort.

The Rv3853 gene from M. tuberculosis was amplified
from Mtb genomic DNA and expressed in E. coli as a His-
tagged protein. Expression tests showed the protein to be
insoluble under all conditions tried, so we purified it from
inclusion bodies and then refolded it in vitro. The refolded
protein was purified and then was crystallized from a

solution containing 0. 45 M Na/K tartrate. The MenG
structure was determined by SIRAS (single isomorphous
replacement with anomalous scattering) from an Hg
derivative, and refined at 1.90 A resolution.

The MenG monomer was found to have a fold that has
been seenin other proteins. The fold is described in SCOP
[107] as a “swivelling 'b/b/afold, and in CATH [108] as a 3-
layer b/b/a sandwich. In this structure, the first layer
consists of a 4-stranded antiparallel b-sheet (S1, S11, S10,
S2, see Fig. 8) sitting adjacent to a 2-stranded antiparallel b-
ribbon (S8, S9). This layer packs against a central 5-stranded
mixed b-sheet (S3, S4, S5, S6, S7) that forms the second
layer. The third layer of the “sandwich” comprises three
parallel helices that provide the S3-S4, S4-S5 and S5-S6
connections. A large loop (B) and short strand (S7) wrap
around layers 2 and 3, and connect to layer 1. Three MenG
monomers further associate in “nose-to-tail” fashion into a
doughnut-shaped trimer with a large hole in the center (see
Fig. 9).

Surprisingly, the Rv3853 structure suggested that it is
not a methyltransferase. The SAM-dependent
methyltransferases have a characteristic fold, with a mixed 7-
stranded b-sheet flanked by helices and a conserved S-
adenosylmethionine binding pocket at the C-terminal end of
the b-sheet [65]. This conserved binding pocket provides a
signature sequence by which new methyltransferases may be
identified. Indeed, the structure of a conserved hypothetical
protein from M. tuberculosis (Rv2118c) was recently
determined and identified as a tRNA methyltransferase based
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Fig. (8). Topology diagram of Rv3853. The layers referred to in the text are differentiated by shading: Layer 1 = white; Layer 2 =

light grey; Layer 3 = dark grey.

on the methyltransferase signature sequence and structural
conservation with this family [109]. The structure of
Rv3853 shows neither the charcteristic fold nor the
conserved binding pocket.

What can be learnt from the Rv3853 structure?
Comparisons of the monomer with all protein structures in
the Protein Data Bank, using DALI ( [110], revealed five
domains with significant structural similarity. The closest
match is to the phosphohistidine transfer domain of pyruvate

phosphate dikinase [111]. This has a characterized fold, and
protein structures classified under this fold in SCOP include
carbamoy! phosphate synthetase and an aconitase domain
[107, 111]. The structural similarity between the
phosphohistidine transfer domain from pyruvate phosphate
dikinase and Rv3853 is sufficiently low that it is unlikely
that Rv3853 is a member of this superfamily. The topology
is well conserved but there is no sequence conservation at
the phosphohistidine active site or elsewhere. The structural
homology does, however, point to a likely location for the
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Fig. (9). Schematic ribbon diagram of the Rv3853 trimer. The view is down the crystallographic three-fold axis. The diagram was

drawn using Molscript and Raster3D.

active site of Rv3853. The position of the active site
histidine in the phosphohistidine transfer domains coincides
closely with the location of an arginine residue in Rv3853
(Argl101) which is strictly conserved amongst homologues
of Rv3853. In addition, this arginine residue appears to
hydrogen bond to a ligand, possibly tartrate from the
crystallization medium, that is bound nearby. These two
pieces of evidence, combined with the presence of a
negatively charged canyon adjacent to Arg101, lead usto the
hypothesis that this forms the active site. The substrate and
enzymatic activity remain unknown, however.

The structure of Rv3853 illustrates what is likely to be a
common problem in choosing targets for structure-based
drug design. Rv3853 and its homologues have all been
annotated as MenG, implying that they catalyse the last step
in menaguinone biosythesis. The crystal structure of Rv3853
suggests that this may be a case of an incorrect annotation
propagating through a series of databases. The
methyltransferase signature sequence is absent and the
structure belongs to a different fold whose closest structural
homologues are phosphohistidine transfer domains. In
addition, we have soaked our crystals in both S-adenosyl
methionine and an isoprenyl mimic and neither appears to
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bind to our protein in the crystal. We also conclude that the
other Mtb enzyme previously annotated as possibly
catalyzing the last step in menaquinone biosynthesis
(Rv0558, UbIE) is the likely candidate for this enzymatic
activity.

8. Structural Analysis of M. tuberculosis Cytochrome
P450 Enzymes (David Leys, Kirsty J. McLean and
Andrew W. Munro)

The cytochromes P450 (P450s) are members of an
enzyme superfamily found in all forms of life. The P450s
have a cysteinate-ligated b-type heme. They catalyse the
reductive scission of molecular oxygen, usually with
resultant mono-oxygenation of a hydrophobic substrate
(steroids, polyketides and fatty acids are typical substrate
classes) and production of a molecule of water. The general
scheme of the reaction is

R + O+ 2e-+ 2 H+ROH + H,0.

where R = the substrate and ROH = the hydroxylated
product.

The reaction requires two protons (delivered from the
solvent) and two electrons (e-), which are delivered
ultimately from NAD (P)H via flavoprotein or
flavoprotein/ferredoxin redox partners.

P450 enzymes are widespread in eukaryotes and perform
essential roles in human steroid synthesis and drug
metabolism. They are much rarer in prokaryotes, where they
participate in pathways for the degradation of unusual
organic compounds such as camphor [112]. More than 20
P450s were predicted from the genome sequence of Mtb
[14], implying that there are essential roles for P450
enzymes in the physiology of the pathogen. Subsequently,
the genome sequence of another actinomycete (Streptomyces
coelicolor) has indicated the presence of many P450
enzymes, suggesting that this genus may have P450-
dependent metabolism very different from other bacterial
genera.

The structures of two of the Mth P450s have now been
solved. The first is CYP51 [113], the product of the
Rv0764c gene (PDB codes 1E9X, 1EAl). CYP51 is
homologous to eukaryotic sterol demethylases including
obtusifoliol demethylases in plants and lanosterol
demethylases in fungi. The Mtb CYP51 protein is a 51 kDa
enzyme which catalyses 14a-demethylation of lanosterol and
obtusifoliol. Its activity can be examined in vitro using E.
coliNADPH flavodoxin reductase and flavodoxin as redox
partners [114]. The catalytic turnover of the enzyme in this
system is low, but the fact that both sterols could be
demethylated suggests that sterol metabolism may be a
feature of Mth. The presence of sterols in Mtb remains to be
proven.

The second P450, CYP121, is the product of the
Rv2276 gene (D. Leys et al. , paper in preparation). This 43
kDa enzyme has an amino acid sequence similar to
prokaryotic P450s involved in polyketide antibiotic
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synthesis, including the structurally characterized P450 eryF
(CYP107A1) that catalyzes hydroxylation of 6-
deoxyerythronolide B in the final stage of erythromycin
biosynthesis in Saccharopolyspora erythraea [115, 116].
Thus it appears likely that CYP121 has a role in polyketide
metabolism, or possibly oxygenation of an alternative
polycyclic molecule.

The Mtb CYP51 structure has been solved in the
presence of heme-ligating azole drugs (4-phenylimidazole
and fluconazole), while the CYP121 structure is in a ligand-
free form.

Only a few P450 structures have been solved (seven are
in the public domain), and the Mtb P450s are the first two
solved from the same organism. Moreover, both of the Mth
P450s are potential drug targets. Azole anti-fungal drugs (e.
g. fluconazole, ketoconazole, clotrimazole) were designed as
inhibitors of the fungal CYP51 sterol demethylase enzymes,
which catalyze the production of the essential membrane
ergosterol from the substrate lanosterol [117]. Since it was
thought that such CYP51 P450s (and sterol pathway) were
absent from bacteria, no systematic investigation of such
azole drugs as anti-mycobacterial agents has been carried out.
However, it is now known that drugs in this class bind
tightly to the Mtb proteins CYP51 and CYP121, leading to
inactivation of the P450s. The fact that both these Mth
P450s have high affinity for azole drugs reinforces the
potential of this type of antibiotic approach against the
pathogen.

The two Mtb P450s CYP51 and CYP121 are similar in
overall topology both to each other and to other known
P450 structures (Fig. 10). Both are predominantly alpha
helical and their “I”” helices containa motif of several amino
acids central to substrate selectivity and proton transfer in all
known P450s [118]. In CYP51 the N-terminal portion of
this helix is kinked more substantially than in CYP121 (or
any other P450) which may provide an increased binding
space for inhibitors. In one of the inhibitor-bound structures
fluconazole is bound in the active site cavity such that the
triazole ring is positioned perpendicularto the porphyrin
plane with a ring nitrogen atom coordinated tothe heme iron,
and with F83 and F255 providing additional non-bonding
contacts. The main fluconazole-induced conformational
changes,in comparison to the smaller4-phenyl imidazole
ligand in the other azole-bound structure, involve a helix-
coil transition of the C helix and displacement of the
residues in the | helix.

In CYP121, the water-filled active site pocket is one of
the largest of any P450 (approx 1350 A3). Key players in
substrate interactions appear to be Arg386 and Ser237,
which approach close to the distal face of the heme and are
hydrogen bonded to one another in the absence of substrate.
Such a motif has the potential to bind to a substrate
carboxylate group. The high resolution obtained for this
structure (1.2 A) has allowed identification of a bifurcated
proton delivery pathway, which might well function to
deliver the two protons needed by two separate, converging
routes. Furthermore, acetate and iodopyrazole (used as
derivative in the MIRAS structure determination) bind in a
narrow funnel-shape region of the active-site cavity between
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C39%4

Fig. (10). Comparison of two Mth P450 enzymes. The overall topology (above) and active site (below) of the two structurally
characterised Mtb P450s: the sterol demethylase (CYP51) (A) and CYP121 (B). The folds are similar in the two P450s (heme in red
spacefill, secondary structural elements in blue, fluconazole inhibitor in lilac), although the major helical feature (the | helix, shown
with its adjacent J helix in magenta) is severely “kinked” on the N-terminal side for CYP51. Residues involved in CYP51 binding to
the fluconazole are depicted, coloured according to residue type. The imidazole N3 of the inhibitor hydrogen bonds with H259, and
several non-bonding contacts are made with other side chains. For CYP121, residues R386 and S237 inferred in binding the substrate
are shown, along with the heme iron cysteine ligand (C354), surrounded by the 1. 2 A 2Fo-Fc map contoured at 2 sigma. The heme
iron ligand in CYP51 is C394. The sterol demethylase active site is smaller and more hydrophobic than is the CYP121 active site.
This indicates that the substrate for CYP121 may be bulky and at least partly of hydrophilic character, possibly a polyketide.

Phel68 and Trpl82, suggesting a possible recognition site Perspectives

for the substrate. At present we are pursuing the structure of

CYP121 in complex with inhibitors and putative substrates, The TB Structural Genomics Consortium is applying a
a goal that will provide us with the necessary data to initiate methodical approach to developing anti-TB drugs through
structure-based drug-design. The high reproducibility and the accumulation of functional and structural information of
resolution attained for the CYP121 crystals will no doubt M. tuberculosis proteins. This review has presented the
assist in the timely elucidation of the CYP121-inhibitor concerted efforts of a team of biologists and biochemists
complex structures. around the world in elucidating and functionally
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characterizing protein structures essential to the growth and
virulence of M. tuberculosis. The project is still in its
infancy, but demonstrates the potential of structural
genomics in providing a foundation for rational drug
discovery. Structural and functional information determined
through this structural genomics effort will enable use of
this information to develop new specific drugs and drug
treatments for tuberculosis.
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ABBREVIATIONS

ACP = Acyl carrier protein

ATP = Adenosine triphosphate

CFA

synthase = Cyclopropane fatty acid synthase
CTAB = Cetyltrimethylammonium bromide
DDD

MAB = Didecyldimethylammonium bromide
G-6-P = Glucose-6-phosphate

GFP = Green fluorescent protein

GPI = Glycosylphosphatidylinositol

ICL = Isocitrate lyase

INH = Isonicotinicacidhydrazide

INO1lp = Inositol-1-phosphate

MAD = Multiwavelength anomalous diffraction
MPD = Methylpentanediol

Pl = Phosphatidylinositol

PIM = Phosphatidylinositol mannosides

= S-adenosyl-L-methionine

SAH = S-adenosyl-L-homocysteine

Goulding et al.
SAM- = S-adenosyl-L-methionine methyltransferases
Mtases
SDR = Short-chain dehydrogenase/reductase
B = Tuberculosis
Mtb = Mycobacterium tuberculosis
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